Abstract-In the recent years, with the need to develop accurate propagation models for the modern wireless systems, increasing attention has been paid to the study of so-called Diffuse Scattering. This phenomenon is traditionally associated with the presence of surface roughness, whose effect on the radio signal has been widely studied in the past. However, its behavior is much more complex in real propagation environments because of the presence of very strong surface irregularities, and also volume irregularities. For this reason, in the present work some aspects still scarcely studied as the scattering in the transmission half-space (forward scattering), and the wideband behavior of diffuse scattering are investigated, with the aid of electromagnetic simulations and measurements performed in anechoic chamber on different types of materials.
I. INTRODUCTION
The Diffuse Scattering phenomenon has been studied for years because of its relevance in the field of wave propagation and in many other fields of application as well (remote sensing, optics, physics, etc.), but its understanding is still far from being complete. It is well known that in presence of smooth and homogeneous walls the basic interaction mechanisms can be analyzed using the geometrical optics approximation, thus all interactions are regarded as reflections, transmissions and diffractions. Nevertheless, in a real propagation scenario the case of a perfectly smooth slab is rarely present, especially in dense urban areas where buildings have highly irregular structures and volume inhomogeneities: therefore, modeling only specular and transmitted paths might not be sufficient because of the presence of the so called Dense Multipath Components (DMC), which have a significant impact on the radio link, especially in the case of Non-Line-Of-Sight (NLOS) propagation (cf. [1] - [2] ). The most known scattering models discussed in literature deal with surface irregularities, and comprehend the Kirchhoff Approximation (KA), the Small Perturbation Method (SPM) and the Integral Equation Method (IEM) [3] - [4] . Another diffuse scattering model developed specifically for building walls and derived from physical optics is proposed in [5] , based on the key assumption that non-specular scattering from the façades of large buildings is usually dominated by windows and decorative masonry, whose placement tends to be nearly periodic in high density populated areas. However, all these models are not suitable, or hardly applicable, in presence of strong surface irregularities (e.g. protruding objects), or internal volume irregularities. That's why in the recent years empirical-statistical models like the Effective Roughness (ER) model [6] have been proposed: such model is physically consistent since it is based on the power balance, and can be easily embedded in simulation programs (e.g. Ray Tracing tools) because has a reduced set of parameters which can be tuned based on measurement data [7] . Another important point is that almost all of the scattering models refer only to the diffuse contribution in the half-space of the specular reflection (backward scattering) while especially in indoor environments, where the signal propagates slightly attenuated through the internal walls, the Diffuse Scattering contribution in the half-space of transmission (forward scattering) may become relevant. In [8] , the ER model has been extended for the first time to take into account the forward scattering phenomenon. However, many aspects related to this topic still need to be explored, and no data are available in the literature: for example, the relationship between the scattering intensity in the two half-spaces for different types of building walls has not been studied yet, and it is unclear whether the amplitude of forward scattering lobe is different from the one of the backward scattering lobe. For these reasons, in the present work the diffuse scattering of building walls in both forward and backward half-spaces has been further investigated, firstly through electromagnetic simulations, as described in section II, then it has been characterized experimentally through accurate measurements in anechoic chamber using smooth and rough wall samples of the same materials, in order to derive the detailed characteristics of the scattering diagrams, as reported in section III. Finally, in section IV the conclusions are drawn.
II. CHARACTERIZATION THROUGH SIMULATIONS
As a first step of this work, scattering from different building materials with smooth and rough surfaces was evaluated using electromagnetic Finite-difference Time-domain method (FDTD) simulation. Random Rough Surfaces (RRS) with Gaussian height distribution and a given spatial correlation [9] have been assumed as representative of a large variety of real rough surfaces of building walls. In this paper only the Gaussian spatial correlation will be treated.
In order to evaluate the surface roughness effect on the scattered field, we consider an infinite plane wave impinging on a building material sample from the direction of incidence (ϑ i , ϕ i ), and compute by FDTD the bi-static Radar Cross
The 8th European Conference on Antennas and Propagation (EuCAP 2014) 978-88-907018-4-9/14/$31.00 ©2014 IEEE Section (RCS). From this simulation the scattered field in the whole 3D spatial domain, E s (ϑ, ϕ), is evaluated for a smooth slab and for a rough slab. In Fig. 1 we show an example of simulated smooth and rough surface, together with the adopted spherical reference system (ϑ, ϕ) centered on the wall element. To make simulations more realistic, they were performed considering the material complex permittivity measured by means of a coaxial probe technique developed at CEA-Leti on real material samples. For instance, the sandstone permittivity measurement gave a mean value of ε r = 3.15 and tan δ = 0.015, over the [1 − 10] GHz band.
Simulations have been conducted on a sandstone slab with dimensions of 40cm × 40cm × 3cm and electromagnetic parameters as reported before. To highlight the surface roughness contribution, the scattered field from rough samples, E q s, rough , has been normalized with respect to the one from the corresponding smooth samples E q s, smooth , to obtain a roughness coefficient defined as follows:
where q represents the polarization, s stands for scattered and (ϑ i , ϕ i ) is the incidence direction of the impinging wave. In Fig. 2 we show the roughness coefficient (1) at 10 GHz for an incidence angle ϕ i = 30
• , ϑ i = 90
• and TE polarization, considering a RRS with standard deviation of heights 3σ = λ/2 and correlation length c l = λ, where λ is the wavelength of the maximum simulated frequency. It is evident that surface roughness adds a diffuse contribution around specular and transmission directions, while subtracts power mainly from the specular direction of reflection. However scattering around the reflection direction (backward) is much stronger than around the transmission direction (forward), this result is very useful to properly parametrize the Effective Roughness scattering model in its "double space" version, and while it was already known from a theoretical point of view, it has never been confirmed through simulations or measurements.
Another important thing to notice is that scattering takes place mainly around reflection and transmission directions in an extended angular domain and not only in the "principal" plane, that in our case is for ϑ = 90
• . This suggests that 2D analysis methods could not be accurate enough to properly describe the diffuse scattering phenomenon in a real environment. Moreover edges diffraction, and in particular the presence of Keller's cones, almost fade away in the rough case: in fact these components are attenuated of approximately 5 dB. This effect can be primarily due to edge roughness, or more generally edges with an irregular geometry (e.g. roof tiles). This is an important consideration that can be taken into account for future works, in particular the ER model [8] might be extended to edge scattering.
These results can be analyzed with respect to the wellknown Rayleigh criterion for the back-scattered field represented in Eq. (2) for α = 8 (cf. [4] - [10] ):
where σ is the standard deviation of surface height, α is a scalar value equal to 8, λ and ϑ i are the wavelength and the incidence angle respectively. As one can see from Fig. 3 , where the roughness coefficient (1) is represented for a surface with σ = λ/12, though the Rayleigh condition considers the surface as smooth it is evident that the diffuse contribution cannot be neglected. Therefore the more strict Fraunhofer criterion, that considers α = 32 in Eq. (2) (cf. [10] ), could be a better, easy-to-use condition to discriminate roughness which could yield to diffuse scattering. distributed around reflection direction. For this purpose a specific measurement setup in anechoic chamber has been realized allowing to perform bistatic RCS measurements on a whole ϑ-plane (see Fig. 4 ). Measurements have been conducted on smooth and rough sandstone slabs with dimensions of 0.9m × 0.6m × 0.03m in the [2 − 10] GHz band for different incidence angles; the polarization of the impinging wave has always been vertical (TE) and antennas were in co-polarization. Here only the results for incidence angles ϕ i = 20
III. MEASUREMENT SETUP AND RESULTS

In this section we show the results of a measurement campaign aimed at investigating how diffuse scattering is
• and ϕ i = 30
• are presented for the sake of brevity. First a reference measurement has been done without the sample, this in order to obtain the calibration transfer function H cal, ϕi (f, ϑ, ϕ) that takes into account antennas and setup contributions for a fixed incident angle ϕ i with respect to the sample:
where the first right handed term is the free space contribution, δ = −2π 
Note that in this notation all the contributions related to the imperfection of the anechoic chamber and the setup are not included for simplicity of notation. However all these effects are taken into account in both measurements. Then the intrinsic transfer function of the building material ξ ϕ i (f, ϕ) has been . Measurement system: the support on which the antenna is mounted permits to set the incidence angle with respect to the sample, moreover the overall structure can rotate 360 • thanks to a high-precision positioning system mounted below.
extracted from (3) and (4):
where we neglected the angle of elevation dependence because measurements were performed only in the ϑ = π/2 plane. In Fig. 5 we show the angular-dependent transfer function for a sandstone slab at 10 GHz and an incidence angle ϕ i = 20
• . As one can observe the field is spatially spread over a wide angular range in the case of rough surface at the expenses of the specular reflected component that is attenuated if compared to the smooth slab. The same behavior can be noted in Fig. 6 for an incidence angle ϕ i = 30
• . The power beamwidth (PBW) at −10 dB of the transfer function has been estimated as a function of frequency for both smooth and rough slabs and results have been compared with the power reflection coefficient estimated with the Fabry-Pérot model for a finite-thickness layer of material [12] . The PBW estimation algorithm evaluates the width of the reflection lobe for each frequency, searching the angles for which ξ ϕ i (f, ϕ)
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where
is the value that the intrinsic transfer function of the material assumes in the specular direction of reflection ϕ ref l = −ϕ i and γ is the attenuation value for which the PBW needs to be calculated (that in our case is γ = 10 dB).
In case of smooth wall (Fig. 7a ) the reflected lobe does not exist for resonance frequencies of the structure, i.e., where the power reflection coefficient of the Fabry-Pérot model [12] has its minimum values. In fact, for these frequencies, the whole radiation is totally transmitted leading to high values of PBW, which means that the estimation algorithm does not recognize any lobe in the reflection direction, showing a good agreement between the model and measurements. On the other hand, when considering the rough sample (Fig. 7b) , the reflection lobe is always present (ranging from 60
• to 120 • ) because surface roughness destroys the coherent sum of the resonant cavity generating a reflected component event at resonance frequencies. Moreover for higher frequencies (f > 8.8 GHz) scattering begins to have an evident impact, as the lobe is wider if compared to the smooth case. Analogous results have been obtained for other incident angles. The authors want to remark that the small difference between resonance frequencies in Fig. 7a and Fig. 7b is due to the different thickness of the two sandstone slabs, that are 3.3 cm and 3.5 cm for the smooth and for the rough sample respectively.
Therefore surface roughness introduces a strong deviation from what expected in theory and from what is measured for a smooth surface. Thus for a proper channel modeling these phenomena should be taken into account and results here presented could be used to calibrate channel model tools, i.e. ray-tracing, and especially the effective roughness diffuse scattering models.
IV. CONCLUSION
Electromagnetic simulation and measurements on different samples of building materials have been performed in order to analyze the three-dimensional characteristics of diffuse scattering in a variety of cases, with special focus on the effect of surface and edge irregularities.
Simulation results show that diffuse scattering is more evident in the backward half-space than in the forward halfspace and that edge irregularities partially destroy diffraction on Keller's cones. Further investigations have been conducted experimentally evaluating the PBW of the field back-scattered off a sandstone slab in case of smooth and rough surface. Results show that surface roughness destroys the coherent sum due to the finite-thickness wall allowing the generation of a wide reflection lobe even for the resonant frequencies of the Fabry-Pérot model. This wideband characterization may have a strong relevance in future studies about diffuse scattering phenomena. In fact these frequency-dependent aspects are usually not addressed in literature models, eventually leading to inaccuracies and prediction errors. 
